Abstract: Cell membrane deformations are crucial for proper cell function. Specialized 11 protein assemblies initiate inward or outward membrane deformations that turn into, for 12 example, filopodia or endocytic intermediates. Actin dynamics and actin-binding proteins are 13 involved in this process, although their detailed role remains controversial. We show here 14 that a dynamic, branched actin network is sufficient, in absence of any membrane-associated 15 proteins, to initiate both inward and outward membrane deformation. With actin 16 polymerization triggered at the membrane of liposomes, we produce inward filopodia-like 17 structures at low tension, while outward endocytosis-like structures are robustly generated 18 regardless of tension. Our results are reminiscent of endocytosis in mammalian cells, where 19 actin polymerization forces are required when membrane tension is increased, and in yeast, 20 where they are always required to overcome the opposing turgor pressure. By combining 21 experimental observations with physical modeling, we propose a mechanism for actin-driven 22 endocytosis under high tension or high pressure conditions. 23
Many cell functions rely on the ability of cells to change their shape. The deformation of the 24 cell membrane is produced by the activity of various proteins that curve the membrane 25 inwards or outwards, by exerting pulling and pushing forces or by imposing membrane 26 curvature via structural effects. Membrane invagination (or inward deformation of the cell 27 membrane) can be initiated by specific proteins, such as clathrin, which coat the membrane 28 and impose geometrical constraints that bend the membrane inwards. In this view, the action 29 of the actin cytoskeleton, a filamentous network that forms at the membrane, is crucial only 30 at a later stage for membrane elongation. Nevertheless, impressive correlation methods 31 revealed unambiguously that, in yeast, membrane bending is not triggered by the presence of 32 coat proteins, but by a dynamic actin network formed at the membrane through the Arp2/3 33 complex branching agent [1] [2] [3] . In mammalian cells, clathrin-mediated endocytosis requires the 34 involvement of actin if the plasma membrane is tense, e.g. following osmotic swelling or 35 mechanical stretching 4 . However, the exact mechanism of membrane deformation in this 36 process is still poorly understood. Strikingly, the same type of branched actin network is able 37 to bend the membrane the other way in dendritic filopodia, outward-pointing membrane 38 deformations that precede the formation of dendritic spine in neurons 5 . Dendritic filopodia 39 appear different from conventional filopodia where actin filaments are visibly parallel. The 40 ability of a branched actin network to produce a filopodia-like membrane deformation has 41 never been investigated. 42
43
How the same branched actin structure can be responsible for the initiation of filopodia, 44 which are outward-pointing membrane deformations, as well as endocytic cups that deform 45 the membrane inward, is what we want to address in this paper. Such a question is difficult to 46 investigate in cells that contain redundant mechanisms for cell deformation. Actin dynamics 47 triggered at a liposome membrane provide a control on experimental parameters such as 48 membrane composition, curvature and tension, and allow the specific role of actin dynamics 49 to be addressed. We evidence that the same branched actin network is able to produce both 50 endocytosis-like and filopodia-like deformations. With a theoretical model, we predict under 51 which conditions the stress exerted on the membrane might lead to inward and/or outward 52 pointing membrane deformations. Combining experiments and theory allows us to decipher 53 how the interplay between membrane tension and actin dynamics produces inward or 54 outward membrane deformations. 55 56
Membrane deformations:tubes and spikes 57
Liposomes covered with an activator of the Arp2/3 complex, SpVCA, are placed in a mixture 58 containing monomeric actin, profilin, the Arp2/3 complex and capping protein (CP) in order 59
to grow a branched actin network at their surface (Materials and Methods and Fig. 1A) . 60 Strikingly, imaging the membrane of liposomes in the presence of a growing actin network 61 reveals that the liposome surface is not smooth, but instead shows a rugged profile. Indeed, 62 membrane tubes, hereafter called "tubes", are observed to radiate from the liposome surface 63 and extend into the actin network (Fig. 1B) , even when comet formation has occurred 6,7 64 ( Supplementary Fig. 1 ). Interestingly, some liposomes display another type of membrane 65 deformation, characterized by a conical shape that points towards the liposome interior, 66 hereafter referred to as "spikes" (Fig. 1B) . Some of the liposomes carry both tubes and spikes, 67 while others display neither, despite the presence of an actin network at the membrane (Fig.  68   1B) . 69
We now address the role of membrane tension on the appearance of tubes and spikes. Under 70 conditions of normal osmotic pressure (200 mOsm), 63.0% of liposomes display tubes only, 71 2.3% show spikes only, while 6.1% of liposomes have a mix of both, and 28.6% have neither 72 (Fig. 1C) . To examine how membrane tension affects the occurrence of tubes and spikes, 73
To rationalize the occurrence of spike-like structures arising solely from a uniformly 123 polymerizing actin network, we use analytical modeling and numerical Finite Element 124 calculations to evaluate the conditions under which large-scale membrane deformations may 125 develop due to actin polymerization. We first estimate the normal stress exerted by the 126 polymerization of an actin network (Material and Methods for details). The actin network can 127 be modeled as a viscoelastic material with an elastic behavior at short time and a viscous 128 behavior at long time due to network rearrangement, the cross-over time being on the order of 129 10 s [10] [11] [12] . We choose to focus on the viscous behavior as the growth of the network occurs on 130 timescales of tens of minutes. 131
We model the growth of the actin network by imposing a uniform actin polymerization 132 velocity normal to the liposome membrane, a choice motivated by the dual color 133 measurements in Fig. 4A . We solve the Stokes equation for the viscous gel polymerizing with 134 a constant velocity normal to the liposome surface (Material and Methods). Actin 135 polymerization on a flat membrane results in a uniform actin flow which does not generate 136 any mechanical stress. A small perturbation of membrane shape modulates the actin velocity 137 field which may generate viscous stress on the membrane. We show in the Material and 138
Methods that the first order contribution to the normal stress exerted by the network on a 139 periodically weakly deformed membrane, as illustrated in Fig. 5A , also vanishes identically. 140
The lowest order contribution to the actin stress is quadratic with membrane deformation. 141 This is in agreement with the finding that actin growing on a uniformly curved surface 142 creates a normal stress proportional to the square of the curvature 10,13 . In the case of a 143 localized membrane perturbation, a Gaussian with amplitude A and width b, 144 (Fig. 5B) , we numerically calculate the normal stress exerted by an 145 actin layer (Material and Methods). We obtain the pressure and velocity fields that arise in 146 the actin layer (Fig. 5C ). Velocity gradients in the growing actin layer, generated by the 147
deformed surface, induce a normal force in the center of the perturbation, "pushing" the 148 membrane inwards in the center of the perturbation (Fig. 5D) . A scaling analysis of the 149 Stokes equation, confirmed by our numerical calculation, shows that the normal stress , at 150 the center of the perturbation (x=0) scales as ~− , where is the viscosity of 151 the actin layer (Fig.5, E and F) . It is important to realize that the normal stress exerted by the 152 actin network on the membrane, when integrated over the area that surrounds the 153 deformation, amounts to a zero net force. This contrasts with existing models of filopodia 154 formation, which usually consider bundled actin filaments exerting a net pushing force on the 155 membrane 14 , invoking the friction force of treadmilling actin filament on the cellular actin 156 cortex to balance this pushing force 15 . While the latter approach might be appropriate to 157 explain the physics of filopodia filled with bundled actin, here, we do not a priori distinguish 158 the detailed structure of the actin network at the membrane from the one in the protrusion, 159 treating the actin network as a continuum. 160
The normal stress, on a deformable surface, is in our case balanced by the restoring elastic 161 stress due to membrane elasticity. Neglecting the contribution of the membrane 162 bending rigidity κ for simplicity, this stress corresponds to the membrane Laplace 
Image analyses of liposomes, tubes and spikes 364
Image analyses are performed with ImageJ software and data are processed on Matlab. The 365 thickness of the actin network and the length of tube membranes is obtained from 366 fluorescence intensity profiles (Fig. 3A) . The first peak of the membrane profile determines 367 the liposome surface, the actin network thickness is the distance between this peak and the 368 half width at half maximum of the actin fluorescence profile. The length of the membrane 369 tubes is obtained as the peak-to peak distance of the membrane fluorescence profile. The size 370 of spikes (length, width) and actin network is determined by the corresponding positions of 371 the inflexion points. Fluorescence profiles in each case (membrane, actin) are fitted with a 372 polynomial function. The first maximum and the second minimum of the fit derivative, 373 corresponding to inflexion points of the profile, determine the membrane or actin edges. The 374 size is then the distance between the two edges. From actin fluorescence profile, actin 375 network thickness at the base of spike is defined as the distance between the first maximum 376 and first minimum of the fit derivative. 377
To determine whether shorter tubes are present in addition to the easily visualized long ones, 378
we measure the total fluorescence intensity of the membrane on an arc that is displaced along 379 a radial axis r from close to the liposome surface to the external part of the network. We 380 hypothesize that tubes maintain a constant diameter along their length, as is established for 381 pure membrane tubes 19 . In these conditions, if all tubes have the same length, the total 382 intensity should show a plateau as a function of r, until falling off to zero at an r where there 383 are no more tubes (Supplementary Fig. 4A ). Conversely, the total intensity would decrease 384 as a function of r if tubes of different lengths were present (Supplementary Fig. 4A) . 385 386
Statistical analyses 387
All statistical analyses are performed using MedCalc software. N-1 Chi-squared test is used 388 to determine the statistical significance. Differences among samples were considered 389 statistically significant when p < 0.05. 390 391
Theoretical model for spike initiation 392
To calculate the stress exerted by a viscous network, polymerizing at a curved surface we 393 consider an incompressible stokes flow, described by force balance and incompressibility, 394
i.e., ∇ e ef • f = 0 and ∇ e ef • f = 0, where f is the velocity of the gel and f is the viscous stress in 395 analysis reveals that there is a non-zero normal stress acting on the membrane, which we will 420 later compare with the membrane contribution to address system stability. 421
In order to get a numerical solution for the normal stress in a "localized" spike-like 422 perturbation on the interface, as opposed to the periodic one presented above, we use a Finite 423
Element Method from Mathematica with default settings. We implement a geometry as 424 described in Fig. 5B , where the lower surface is parametrized with a Gaussian deformation as 425 analysis for a sinusoidal perturbation. Note also that here, by imposing the normal velocity at 435 the interface, a choice that is motivated by the dual color images in Fig. 4A , we do not 436 impose the tangential stress on the membrane, and hence this stress has to be balanced by an 437 in-plane viscous stress in the membrane, which at this stage we do not model. These FEM 438 simulations allow us to visualize the velocity field as well as the pressure throughout the 439 network, indicating the increase in pressure inside the local perturbation caused by the local 440 convergence of the velocity fields (Fig. 5C) 
